The Natal mole-rat is a social subterranean rodent that exhibits seasonal reproduction. Nonreproductive females disperse from the natal colony and pair up with unrelated males to establish new colonies. This study set out to determine whether dispersing female Natal mole-rats are induced or spontaneous ovulators. Twelve nonreproductive females removed from natal colonies during breeding season were housed individually. Urine was collected for a period of 5 weeks. Females were subjected to 1 of 3 trials: housed separately without a male, allowed only chemical contact but not physical contact with unvasectomized males, and placed in direct contact with 4 vasectomized males. Urine was collected for a further 5 weeks, and urinary progesterone profiles established. Females housed in direct contact with males exhibited heightened progesterone concentrations and corpora lutea in the ovaries. The act of coitus appears necessary for ovulation to occur in the females despite the fact that males were not capable of fertilization.
Mammals can either be spontaneous or induced ovulators (Milligan 1980) . Female induced ovulators exhibit spontaneous growth and subsequent development of follicles, but without copulation, they will not ovulate, despite exhibiting elevated estradiol levels resulting from follicular maturation (Knobil 1988) . Many subterranean rodents are induced ovulators requiring mechanical stimulation of coitus to elicit the process of ovulation . Copulation induces a gonadotropin-releasing hormone surge that, in turn, induces the luteinizing hormone surge and ovulation. Spontaneous ovulation, in contrast, does not require physical or chemical cues from a male to bring about hormonal activity associated with reproduction, and females display a continuous cycling of reproductive hormones. Induced ovulators require priming from males that results in a prolonged period of mating to ensure successful fertilization, whereas spontaneous ovulators require a comparatively shorter period of copulation.
Interestingly, semiochemicals (pheromones) can bring about changes in reproductive recrudescence (Wilson and Bossert 1963) . Induced ovulation requires priming by physical contact from a male before ovulation. In voles (Microtus ochrogaster), pheromonal stimulation can enhance reflex ovulation (Milligan 1975) . Cohen-Parsons and Carter (1988) showed that female prairie voles are truly induced ovulators (coitus necessary- Sawrey and Dewsbury 1985) and that behavioral estrus can be induced by heterosexual social stimuli because cellular events within areas of the female brain can be altered so that neural responses to estrogen are enhanced (Cohen-Parsons and Roy 1989) .
Induced ovulation appears to be the norm among rodents (Milligan 1980) and, in particular, subterranean (Shanas et al. 1995) and solitary (Zarrow and Clark 1968) rodent species. However, data pertaining to methods of ovulation in social bathyergids are very limited. Faulkes et al. (1990) showed that eusocial naked mole-rats (Heterocephalus glaber) are spontaneous ovulators, whereas Malherbe et al. (2004) found that seasonally breeding, social highveld mole-rats (Cryptomys hottentotus pretoriae) are induced ovulators.
In this study we posed a simple question: Is the seasonally breeding Natal mole-rat a spontaneous or induced ovulator? We aimed to determine this without involving the complicating effects of social reproductive suppression and thus used nonreproductive, imperforate females (females that would not typically reproduce while in the confines of the natal colony).
MATERIALS AND METHODS
Experimental design.-Eight adult male and 12 adult, nonreproductive female Natal mole-rats were captured at Glengarry Park in the Kamberg region of the KwaZulu-Natal Midlands, South Africa, during the first week of May 2003. Animals were housed with colony members in containers 90 Â 60 cm and returned to the Department of Zoology and Entomology at the University of Pretoria. All females selected for the experiment were housed separately for an initial period (Faulkes et al. 1990 ). Four males were vasectomized 3 months before being placed in direct, physical contact with 4 females. A period of 3 months ensured that no spermatozoa were present in the vas deferens. This has been validated in the laboratory at the University of Pretoria, where mole-rats vasectomized for a period of 3 months and subsequently paired with a female during the breeding season failed to result in pregnancy.
Vasectomy was only performed in males to be placed into physical contact with a female to prevent fertilization taking place, so that any resulting corpora lutea would be of ovulation and not pregnancy. All males were kept separated for the initial period of 5 weeks and housed under constant, laboratory-controlled conditions simulating summer (16L:8D at 268C) and provided food ad lib.
After the initial isolation period, animals remained separated for a further 5 weeks, during which time urine samples were collected from each female every 2nd day. On days that urine was to be collected, female animals were placed into urine collection chambers with a wire-mesh base to prevent fecal contamination of the urine samples in the collecting dish.
Each urine sample was collected by pipette and transferred to eppendorf tubes, then stored at À408C. These served as control samples, providing baseline hormonal concentrations from animals that were not sexually primed by the presence of a male.
Following the 10-week initiation period, 4 females were placed in chemical contact (coded CHM) with 4 unvasectomized males; molerats were separated by a narrow wire mesh that allowed semiochemical contact but no physical contact (such as ano-nasal grooming). A further 4 females were paired with 4 previously vasectimized males, allowing physical contact (coded PHY) and full interaction. All vasectomies were completed 3 months before pairing with females to ensure clearance of sperm from the vas deferens as well as a full physical recovery after surgery. Four more females were kept in isolation and served as control animals (coded CT). This final experimental stage lasted for 5 weeks.
The research was cleared by the Animal Ethics Committee, University of Pretoria and animals were captured from the wild under permit from Ezemvelo KwaZulu Natal wildlife conservation partnerships and ecotourism (Permit number 414/2003). All procedures followed American Society of Mammalogists guidelines as set out in the Journal of Mammalogy.
Chemical analyses.-Progesterone concentration was determined for all urine samples and was corrected for the concentration of creatinine. Because urine concentration varies with fluid intake, we corrected for urine concentration and hence hormonal excretion by measuring the concentration of creatinine. Bathyergids do not drink free water but acquire all necessary quantities from their food supply . To standardize urine concentration, creatinine concentration is used as a reference unit. Creatinine is a breakdown product from tissue proteins, usually formed in mammals by muscles (Schmidt-Nielsen 1997) , and is excreted at a relatively constant rate. Progesterone concentrations are thus expressed as ng progesterone per mg creatinine.
A modified Jaffe reaction (Folin 1914 ) was used to calculate the creatinine concentration for each urine sample, which involves adding 10 ll of standard or sample to the wells of a microplate, in duplicate, and leaving 2 wells empty as a duplicate control blank. A further 200 ll of picrate reagent was added to all wells including control blanks.
Fresh alkaline picrate was mixed and comprised a saturated solution of picric acid, alkaline triton, and distilled, deionized water (1:1:10).
The alkaline triton is composed of 4.2 ml triton X-100 (BDH Chemicals Ltd., Poole, United Kingdom), 12.5 ml of 1 N NaOH, and 66.0 ml distilled, deionized water. Use of the alkaline triton can only begin after continuous stirring has resulted in a homogenous product. The microplate is then placed in the dark for a period of 1.5 h at room temperature to allow color development to occur. A standard curve (R 2 . 0.99) was used to determine all sample values. Progesterone assays were carried out in accordance with the procedure described by Bennett et al. (1994) . This involves use of a Coat-a-Count progesterone kit (Diagnostic Products Corporation, Los Angeles, California). The antiserum is highly specific for progesterone with cross-reactivity to all naturally occurring steroids ,0.5%, with the exception of 17a-dihydroprogesterone (3.4%), 11-eoxycorticosterone (2.4%), 5b-pregnan-3,20-dione (3.2%), and 5a-pregnan-3,20-dione (9.0%). All urine samples were assayed as 100 ll in duplicate.
Assay Validation
Pooled urine samples (1 pool with expected low concentration from a male and 1 with expected high concentration from a pregnant queen) were double diluted from 1:1 to 1:64 and assayed. The low pool contained no progesterone (below detection limit) and the high pool contained 15.9 6 0.54 nmol per mmol creatinine. In the assay were also included 6 samples at a dilution 1:64 from the pool with expected low concentration of progesterone. To these samples, 100 ll of progesterone in increasing concentrations (0.3, 1.60, 6.40, 31.8, 63.6, and 127.20 nmol per liter) was added in duplicate. The curve was perfectly parallel to the standard curve. The assay was validated for the test species by comparing the slope of the curve produced using serial doubling solutions of unextracted mole-rat urine (over the range 1:1 to 1:64) against that of the standard curve and reported analysis of covariance (ANCOVA) (F ¼ 2.2, P . 0.05, R 2 ¼ 0.98). The slopes of the lines were compared using the Statistica software package (StatSoft, Inc., Tulsa, Oklahoma) subsequent to logit-log transformation of the data (Chard 1987:77) .
Extracted urine samples from the 2 pools were assayed and compared with nonextracted samples from the pools. There were no significant differences (P , 0.05) in progesterone concentration between the extracted and nonextracted samples. The intra-assay and interassay coefficient of variation (CV) for the assay were 7.2 and 11.8% (n ¼ 4 assays). The sensitivity of the assay, defined as 2 SD of the buffered blank, was 0.16 nmol liter À1 . The radioimmunoassay has been previously validated for use in the naked mole-rat by Westlin et al. (1994) .
Ovarian histology.-Females were sacrificed by an overdose of halothane anesthetic (AstraZeneca Pharmaceuticals, Wilmington, Delaware). Ovaries were removed immediately and preserved in Bouin's fixative for ca. 24 h, after which they were transferred to 70% ethanol. This process facilitates the qualitative histological observations to be carried out on all ovaries. The primary aim of the qualitative analysis was to examine the ovaries for the presence or absence of follicular development and corpora lutea.
Standard histological techniques were used to dehydrate, section, stain, and mount the ovarian samples as described by Drury and Wallington (1967) . Entire ovaries were mounted in paraffin wax; sections 4 lm thick were mounted on slides and stained with Ehrlich's hematoxylin and counterstained with eosin. A light microscope with 550Â magnification was used to examine the samples. Two randomly chosen central sections were selected and examined for the presence or absence of corpora lutea and other follicular structures characteristic of specific stages in the female reproductive cycle. Bloom and Fawcett (1962) and Bennett et al. (1994) were used as a guide to identify and categorize follicles at various stages of maturity. The sizes of the various follicles and corpora lutea were measured using an eyepiece graticule and micrometer.
Behavioral observations.-The 4 females paired with males were observed immediately on pairing and subsequently for 1 h every 2nd day that they were paired for the duration of the study. All 4 malefemale pairs placed in direct contact with one another proceeded to copulate within 2 min. Initially individuals approached one another with caution. Males probed the genitalia of females who in turn immediately proceeded to adopt a lordosis posture. Females presented their rear ends to males while vocalizing using short, repeated, chirping noises and drumming their hind feet. Males mounted females and proceeded to mate repeatedly.
Statistical analyses.-Transformation of data provided mean progesterone values (ng progesterone per mg creatinine) as well as SD for both periods before and after animals were paired for each of the 3 experimental groups. These values were subjected to nonparametric, Friedman, analysis of variance (ANOVA) test using the Statistica software package (StatSoft, Inc.).
RESULTS
Progesterone concentrations.-The control period before experimental manipulation revealed that isolated nonreproductive female Natal mole-rats had a mean basal progesterone concentration of 5.2 ng per mg of creatinine.
The mean progesterone value of females in physical contact with males after pairing until termination of the experiment was 64.1 ng per mg of creatinine, far higher then the control mean of 5.2 ng per mg creatinine (Table 1 ). The mean concentration of females placed in chemical contact with males did not differ appreciably before (4.39 ng per mg of creatinine) or after (6.38 ng per mg of creatinine) being placed in chemical contact when compared with control females, which had concentrations of 6.24 ng per mg of creatinine before and 7.59 ng per mg of creatinine after being placed on the particular experimental or control regime. Urinary progesterone concentrations only increase significantly when females were placed in direct physical contact with males (t ¼ À9.53, P , 0.05; Fig. 1 ; Table 1 ).
All 4 males placed in physical contact with females actively engaged in bouts of copulation within the first 3 h of pairing. Coitus was maintained several days after pairing had taken place.
Corpora lutea were present in all of the females in physical contact but noticeably absent in other groups. The absence of embryos in the uterine horns further confirmed that these were corpora lutea of postovulation and not fertilization. Atretic follicles were present in the ovaries of both the chemical and control groups. These follicles were, however, noticeably larger in the ovaries of the females that had been housed in chemical contact with males (0.44 compared with 0.34 mm). Interestingly, there were more atretic follicles in the control females when compared with the females in chemical contact ( X ¼ 8 per animal versus X ¼ 6). The Graafian follicles in females in chemical contact with a male were larger than females housed alone (0.52 compared with 0.49 mm). Interestingly, females in chemical contact had noticeably more Graafian follicles than those that were housed alone ( X ¼ 5 per animal versus X ¼ 3). Both the progesterone hormone profiles (Fig. 2) and the histological findings support the notion that ovulation and subsequent corpora lutea production occurs only in females housed in the physical presence of a vasectomized male. Furthermore progesterone concentrations rise only in females after pairing with the unrelated vasectomized males (Fig. 2) .
DISCUSSION
African mole-rats exhibit a wide range of social organization and reproductive strategies . The most thorough studies of reproduction in subterranean rodents have been conducted on species from the family Bathyergidae (Bennett 1989; Bennett and Jarvis 1988a, 1988b; Bennett et al. 1994; Bennett and Aguilar 1995; Jarvis 1969 Jarvis , 1981 , which exhibits a wide diversity of reproductive patterns, from strictly solitary individuals that use territorial drumming to announce their presence during the breeding season (Bennett and Jarvis 1988a) to social species that show reproductive inhibition upon nonreproductive females, orchestrated by either strict incest avoidance or complete physiological suppression by dominant individuals (Bennett et al. 1996 (Bennett et al. , 1997 ). Yet despite vast knowledge on reproduction in this unique group of rodent moles, some basic aspects of reproduction, such as the patterns of ovulation within different species , remain unknown. Many rodents are known to be induced ovulators, and this reproductive strategy is common among subterranean rodent species and particularly solitary dwelling species . Induced ovulation has been recorded in the Ctenomyidae (Ctenomys talarum-Weir 1974) and the Spalacidae (Spalax ehrenbergi- Shanas et al. 1995) . In the brush-tailed bettong (Bettongia penicillata) ovulation is induced by the act of coitus (Hinds and Smith 1992) . Altuna and Lessa (1985) studied the penile morphology of the Uruguayan species of Ctenomys and concluded that the spines on the glans provided cervicovaginal stimulation. Indeed, copulation acts on the neuroendocrine reflex in the female with a resultant surge in progesterone (McClintock 1983) .
In this study, we attempted to investigate if semiochemicals had any role in promoting ovulation because Keverne (1983) found that male pheromones influence reproductive physiology of female mice.
Larger-diameter atretic follicles present in ovaries of females housed in chemical contact with male animals when compared with females housed alone imply that those in chemical contact were probably derived from Graafian follicles, whereas those housed alone (controls) were derived from secondary or tertiary follicles. Semiochemical stimulation of females, therefore, appears to have advanced follicular development to a level slightly superior to that found in permanently isolated females but not sufficient to promote the level of follicular development exhibited in ovaries of females in the physical presence of males.
Several mole-rat species react xenophobically towards conspecifics of other colonies . In such cases, a spontaneous pattern of ovulation would be more beneficial because it reduces copulation time required for successful mating, whereas induced ovulators must 1st respond to male priming and become properly receptive. Nonreproductive, female Natal mole-rats disperse from colonies and pair with individuals from neighboring unrelated colonies. Pairing usually results in new colony genesis from unrelated and genetically distinct conspecifics.
Although male-female pairing was artificially conducted in the laboratory, it appears that xenophobic interactions between opposite sex individuals from different colonies do not interfere with reproductive activities. The 10-week period during which all experimental animals were housed separately simulated dispersal from the natal colony. Once having left the colony, individuals would actively seek mating opportunities in an attempt to maximize reproductive fitness. As a result, dispersed individuals would be expected to be receptive to individuals of the opposite sex, because locating a suitable mate in a subterranean niche is not simple. Dispersing, nonreproductive, female Natal mole-rats probably exhibit spontaneous growth and development of primary follicles into mature follicles but lack the final stimulus of coitus. On pairing with a suitable mate, this final trigger to ovulation and subsequent pregnancy is provided.
Extended copulatory behavior can lead to ovulation in the musk shrew (Suncus murinus-Clendenon and Rissman 1990). It would be particularly interesting to investigate whether noncoital behavior plays any role in priming females that are induced ovulators. Olfactory stimuli have been assumed to be responsible for the progression of further follicular development in chemically housed females in this study. Further studies could be used to determine whether behavior or olfaction plays a role in preovulatory follicular development. In the rat, females perceive male olfactory stimulation differently depending on their own level of progesterone (Antz-Vaxman and Aron 1986). It has been suggested that pheromones are of increased significance to rodent species, especially those not exposed to light, such as those inhabiting burrows (Wilson and Bossert 1963) . From our study it appears as though olfaction could be a ''key'' to unlock behavioral repertoires that would allow decreased aggression towards conspecifics and thus allow successful mating.
In a seasonal breeder such as the Natal mole-rat, induced ovulation is the preferred method of ovulation. Induced ovulation may, therefore, be advantageous in environments with harsh conditions outside the breeding season and could be an adaptive, energy-saving mechanism.
CONCLUSION
The Natal mole-rat is an induced ovulator, requiring the act of coitus to induce ovulation through associated hormonal changes that are brought about by mating. Raised urinary progesterone concentrations in females given direct access to males also had associated corpora lutea in the ovaries, supporting the notion that nonreproductive, female mole-rats removed from their natal colony require the act of coitus to induce ovulation.
